endemism and is widely recognized as a centre of biodiversity in Europe (Gaston & David, 1994) . As previously noted by Džukić & Kalezić (2004) , two general models can be invoked to explain this situation: climatic-ecological fluctuations and tectonic-palaeogeographic change. From a geological point of view (Fig. 1) , the Balkan Peninsula includes the margin of both Eurasia (the Moesian microplate) and Gondwana (the Adria microplate), as well as remnants of the Tethys and related marginal seas (made up of oceanic crust) (Karamata, 2006) . The Adria microplate is the largest lithospheric fragment in the Central Mediterranean region. It has variously been interpreted as a rigid promontory of Africa and as an independent entity (Robertson et al., 1996; Pinter & Grenerczy, 2006) . It was connected to Iberia in the west and to north-west Africa in the south (Wortmann et al., 2001 ) until the Middle-Late Triassic episodes of rifting and breakup (Channell et al., 1979; Robertson et al., 1991; Pamić et al., 1998) . For most of the time the Adria microplate was in a shallow-water environment (Scheibner & Speijer, 2008) in which the Southern Tethyan Megaplatform formed before disintegrating into several carbonate platforms ( Fig. 2 ) in the Early Jurassic (Vlahović et al., 2005) . Footprints of various groups of dinosaurs indicate the presence of emerged land until c. 125 Ma (Bosellini, 2002; Dalla Vecchia, 2002 , 2008 , and cycles of submergence and emergence throughout the Jurassic and Cretaceous have been recorded in some carbonate platforms (Vlahović et al., 2005; Márton et al., 2008) . Adria and Eurasia finally collided around 65-70 Ma (Karamata, 2006) . Dinarides orogenesis occurred from the Eocene to the Miocene (Bennett et al., 2008; Palinkaš et al., 2008) . In this context, Karaman (2005b) proposed that the diversification of the genus Cyphophthalmus could be explained by the dynamic events of the archipelago of the intraoceanic carbonate platform of Tethys (cycles of emergence and submergence), which has its origins in the northernmost part of Gondwana (the original position of the Adria microplate).
A molecular phylogeny of the genus Cyphophthalmus based on a combination of nuclear and mitochondrial markers is presented here. Several new species have been added to the first molecular study of the genus (Boyer et al., 2005) , allowing us to test a number of hypotheses regarding the biogeographical history of the genus in the Balkan Peninsula. If the origin of the group is related to the Adria microplate, we would expect a sister-group relationship between the genus Cyphophthalmus and the genus Paramiopsalis, which is endemic to the Iberian Peninsula, rather than with the genus Siro, found in Western Europe and North America. Boyer et al. (2005) proposed a south-eastern origin for the group. The inclusion of several specimens from Greece that were not included in the study of Boyer et al. (2005) will help us to test this hypothesis. Molecular dating should allow us to test whether the diversification of the group is related to recent climatic fluctuations, mountain orogenesis or the palaeogeographic history of microplates. The results also allow us to test the current recognition of lineages ('lines' sensu Karaman, 2005b Karaman, , 2009 ; see also Boyer et al., 2005) . Figure 1 Simplified geological map of the Balkans (based on Channell et al., 1979, and Rogers & Santosh, 2004) . Major mountain chains are indicated on the map. The orogenesis of the Dinarides took place from the Eocene to the Miocene.
MATERIALS AND METHODS

Sampling
A total of 62 individuals were included in this study. Because the monophyly of the genus Cyphophthalmus has already been established, by Boyer et al. (2005) , we chose to root the tree with other members of the family Sironidae, representing the broad distribution of the family (3 species from Europe, 1 from the USA and 1 from Japan). In addition to the 15 species included in the previous study, we used 27 recently collected specimens representing 18 species (see Appendix S1 in Supporting Information). All specimens were collected alive, either by sifting litter or by direct search, and preserved in 95% EtOH. Vouchers are deposited at the Museum of Comparative Zoology (MCZ), Department of Invertebrate Zoology DNA collection (Table 1) .
DNA extraction, amplification and sequencing
The DNEasy tissue kit (Qiagen, Valencia, CA, USA) was used for tissue lysis and DNA purification following the manufacturer's protocol. Total DNA was extracted either by crushing the whole animal or one appendage in the lysis buffer, or by incubating the entire animal or appendage in the lysis buffer overnight, as described in Boyer et al. (2005) . The intact cuticle of the animal was removed after the lysis step and kept in ethanol.
Target genes were selected based on previous studies of Cyphophthalmi and have proved to be informative at various levels in evolutionary studies. Because the first two fragments of 18S rRNA (18S hereafter) show little to no variation within Sironidae, we used only the last c. 650-bp fragment, amplified by the 18Sa2.0/9R primer pair (Giribet et al., 1996; Whiting et al., 1997) . A fragment of the 5¢ end (c. 1000 bp) of the 28S rRNA (28S hereafter) was amplified using the primer set 28SD1F/28Sb (Whiting et al., 1997; Park & Ó Foighil, 2000) or alternatively with the forward primer 28Sa (Whiting et al., 1997) . The mitochondrial 16S rRNA (16S hereafter) was amplified using the primer pair 16Sar/16Sb (Xiong & Kocher, 1991) . The mitochondrial protein-encoding gene cytochrome c oxidase subunit I (COI hereafter) was amplified using the primer pair LCO1490/HCO2198 (Folmer et al., 1994) . Because the amplification of the histone H3 gene was problematic in several previous studies, resulting in an incomplete dataset, we chose not to sequence this gene.
Polymerase chain reactions (PCRs; 50 lL) included 2 lL of template DNA, 1 lm of each primer, 200 lm of dinucleotidetriphosphates (Invitrogen, Carlsbad, CA, USA), 1· PCR buffer containing 1.5 mm MgCl 2 (Applied Biosystems, Branchburg, NJ, USA) and 1.25 units of AmpliTaq DNA polymerase (Applied Biosystems). PCRs were carried out using a GeneAmp PCR System 9700 thermal cycler (Applied Biosystems), and involved an initial denaturation step (5 min at 95°C) followed by 35 cycles including denaturation at 95°C for 30 s, annealing (ranging from 44°to 49°C) for 30 s, and extension at 72°C for 1 min, with a final extension step at 72°C for 10 min.
The double-stranded PCR products were verified by agarose gel electrophoresis (1% agarose) and purified with a Perfectprep PCR Cleanup 96 system (Eppendorf, Westbury, NY, USA). The purified PCR products were sequenced directly with the same primer pairs as used for amplification. Each sequence reaction contained a total volume of 10 lL including 2 lL of PCR product, 1 lm of one of the PCR primer pairs, 2 lL ABI BigDye 5· sequencing buffer, The sequencing reactions involved an initial denaturation step for 3 min at 95°C, and 25 cycles (95°C for 10 s, 50°C for 5 s, and 60°C for 4 min). The BigDye-labelled PCR products were cleaned using Performa DTR Plates (Edge Biosystems, Gaithersburg, MD). The sequence reaction products were then analysed using an ABI Prism 3730xl Genetic Analyzer (Applied Biosystems).
Sequence editing
Chromatograms were edited and overlapping sequence fragments were assembled using Sequencher 4.7 (Gene Codes Corporation 1991-2007, Ann Arbor, MI). blast searches (Altschul et al., 1997) , as implemented in the NCBI website (http://www.ncbi.nlm.nih.gov/), were conducted to check for putative contamination. The software package MacGDE: Genetic Data Environment for MacOSX (Linton, 2005) was used to determine fragments based on internal primers and secondary structure features (Giribet & Wheeler, 2001; Giribet & Boyer, 2002) . All new sequences have been deposited in GenBank under the accession numbers specified in Table 1 .
Phylogenetic analyses
Phylogenetic analyses were conducted under direct optimization (Wheeler, 1996) with the program poy 4.1 (Varó n et al., 2008) . 18S rRNA showed a high degree of conservation with no length variation and was considered as pre-aligned. 28S and 16S rRNA were respectively divided into 18 and 4 fragments according to internal primers and secondary-structure features. The COI sequences were first aligned according to conservation of the amino acid sequence. As previously noted by Boyer et al. (2005) , COI sequences of Sironidae show an unusual length variation. A first region of 33 nucleotides shows a clear deletion of 3 nucleotides in Paramiopsalis and Cyphophthalmus, when compared with other sironid and non-sironid Cyphophthalmi. A second region of 42 nucleotides shows a deletion of 3 nucleotides in the genus Cyphophthalmus. A third region of 48 nucleotides shows a deletion of 6 nucleotides in Siro valleorum and of 3 nucleotides in Siro rubens, and a 3-nucleotide deletion in C. serbicus, C. eratoae Table 1 List of specimens included, with Museum of Comparative Zoology (MCZ) voucher numbers. GenBank accession numbers are indicated for each of the loci. New sequences are indicated in bold .   Voucher  18S  28S  16S  COI   DNA100459  AY639489  DQ513121 AY639550  DQ825641  DNA101383  AY918872  DQ513122 AY918877  DQ825642  DNA100461  AY639492  DQ513123 AY639552  AY639580  DNA100488  AY639490  DQ513128 AY639551  DQ825643  DNA101543  DQ513138 DQ513116 DQ518086 DQ513108  DNA100487  AY639461  DQ513120 AY639526  AY639556  DNA100499m AY639462  AY639499  AY639527 
and C. corfuanus. These three ambiguous regions were treated under direct optimization, whereas the remaining part of COI, showing no length variation and a high degree of conservation at the protein level, was treated as pre-aligned. Instead of manually defining a specific strategy (see Murienne et al., 2008 , for commands), we used the max_time command, which implements a default search strategy that effectively combines tree building with tree bisection-reconnection (TBR) branch swapping, parsimony ratchet (Nixon, 1999) and tree fusing (Goloboff, 1999) . The strategy was implemented on the Harvard odyssey cluster using the Load Sharing Facility queuing system (bsub -o poy.out -n 8 -R''span[ptile=8]'' -q normal -a openmpi./search.poy), where -n is the total number of cores requested and ptile=8 allows the jobs to be grouped so the processes take all eight cores on a node. In parallel environments, poy will exchange trees between processes only at the end of each search command. We thus used four replicates of the search (max_time:1:0:0) routine. This series of commands attempts as many builds, swaps, ratchets and fusings as possible within the specified total time of 4 days, trees being exchanged between processors at the end of each search (Varó n et al., 2008) . Because the relative importance of the various partitions has already been explored in Boyer et al. (2005) , we present only the results from the combined analysis. To be consistent with the previous methodology and to be able to compare the results, we used the 121 weighting scheme as in Boyer et al. (2005) , where indels receive a cost of 2, transversions receive a cost of 2 and transitions receive a cost of 1. The resulting implied alignment (Wheeler, 2003; Giribet, 2005) was then used in tnt (Goloboff et al., 2008) to estimate nodal support with 500 bootstrap replicates (Felsenstein, 1985) .
A classical two-step analysis was also performed. Sequences were aligned using muscle 3.6 (Edgar, 2004 ) with default parameters. Fully duplicate sequences (DNA100494m and DNA100498m) were removed. Ambiguous regions previously reported for COI (fragments not pre-aligned under direct optimization) were discarded. For the other genes, ambiguous regions were removed using Gblock 0.91b (Castresana, 2000) with options -t=d -b5=h. Concatenation of the separate data was performed with Phyutility (Smith & Dunn, 2008) . The resulting matrix was submitted to a maximum likelihood analysis using RAxML 7.0.4 (Stamatakis, 2006) with a GTR + C model (Yang, 1993) applied to each partition and a rapid bootstrap procedure (Stamatakis et al., 2008) . The analyses were performed on the cluster of the CIPRES project at the San Diego super-computer centre: http://www.phylo.org/sub_sections/portal/ (accessed 10 April 2009). We chose the GTR model because it is the most common and general model for real-world DNA. Although many authors have used the GTR + I + C model to incorporate rate heterogeneity (Gu et al., 1995) , it is well known (Yang, 2006) that adding a proportion of invariable sites creates a strong correlation between p0 and a, making it impossible to estimate both parameters reliably (Sullivan et al., 1999; Mayrose et al., 2005) .
Age estimation and rates of diversification
Our calibration scheme is based on several lines of evidence.
(1) Sironidae are distributed in Laurasia (Boyer et al., 2007) , indicating an old age for the group under the assumption of vicariance. Laurasia separated from Gondwana following the opening of the Atlantic Ocean (173 Ma). (2) Paramiopsalis is restricted to old geological terranes in the Iberian Peninsula (Murienne & Giribet, 2009 The ages of clades were estimated on the maximum likelihood tree (keeping only one specimen per species) using standard likelihood methods as implemented in the program r8s 1.71 (Sanderson, 2003 (Sanderson, , 2006 . We used a cross-validation procedure (Sanderson, 2002) to select the best method among those offered by the program. We tested one clock-like method, the Langley-Fitch method (Langley & Fitch, 1974) , and two relaxed-clock methods, nonparametric rate smoothing (Sanderson, 1997) and penalized likelihood (Sanderson, 2002) . For the penalized likelihood method, the degree of autocorrelation within lineages was estimated using cross-validation, and the smoothing parameter k defined accordingly. We also tested the performance of two penalty functions, the additive penalty function, which penalizes squared differences in rates across neighbouring branches in the tree, and the log penalty function, which penalizes the squared difference in the log of the rates on neighbouring branches.
The search was then performed using the commands num_time_guesses=3 (3 initial starting conditions) and checkGradient in order to validate the results. The program RAxML 7.0.4 was used to generate 100 bootstrap datasets based on the optimal topology. Those 100 topologies thus only vary in branch lengths. Divergence estimates were then calculated for each of the 100 bootstrap replicates using r8s 1.71 to obtain standard deviations on each node using the profile command.
Temporal shifts in diversification rates were analysed using the R package Laser (Rabosky, 2006a) . The package was used to compare the fit of alternative diversification models (Rabosky, 2006b) . Diversification parameters were computed using the best-fitting model among two rate-constant and five rate-variable diversification models. The package was also used to draw a lineage-through-time plot (Harvey et al., 1994) .
RESULTS
During the 4 days of tree searching under direct optimization, poy conducted 548 builds + TBR, 9026 fusing rounds and 288 ratchet rounds. Shortest trees were found 2339 times for a tree length of 4972, resulting in 12 equally most parsimonious trees. The strict consensus tree (Fig. 3) shows the monophyly 
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Journal of Biogeography of the genus Cyphophthalmus with 100% bootstrap frequency (BF hereafter) and with its sister-group represented by the Iberian genus Paramiopsalis (Juberthie, 1962; Boyer et al., 2005 Boyer et al., , 2007 Murienne & Giribet, 2009) .
The general topology is broadly similar to the one obtained by Boyer et al. (2005) . Cyphophthalmus sp. 1 from Bulgaria (the second most eastern species) is sister to all of the remaining species. The gjorgjevici lineage is monophyletic (97% BF). The Aegean lineage (serbicus group sensu Boyer et al., 2005) is monophyletic (70% BF). It is found to be sister to C. ere with a low support value, as in Boyer et al. (2005) . The Dinaric lineage is paraphyletic, with C. duricorius, C. rumijae and C. ere separated from the other species. Within the 'Dinaric lineage', the minutus group is monophyletic (98% BF). The duricorius group is polyphyletic, with C. martensi forming a lineage distinct from C. duricorius and C. rumijae. Most of the main lineages identified are well supported by bootstrap values. By contrast, deeper nodes appear with low support values or with bootstrap frequencies below 50%.
The maximum likelihood analysis gave a tree (Fig. 4) of Ln L = )13985.79. The topology is broadly similar to the one obtained under Direct Optimization. Cyphophthalmus sp. 1 is not retrieved as sister to the remaining species but groups with Cyphophthalmus sp. 13, the two species constituting the sister-group to all other species of Cyphophthalmus. The duricorius group is paraphyletic, whereas it was polyphyletic under direct optimization. Regarding support values, the same phenomenon is observed under maximum likelihood as with direct optimization. The main lineages present high support values whereas the deeper nodes present very low bootstrap frequencies.
The cross-validation process found the best-fitting method to be penalized likelihood in combination with the Powell algorithm, a smoothing value of 32 and an additive penalty function. The resulting chronogram is presented in Fig. 5 . The diversification of the genus is dated at 94.3 Ma, thus 105.7 Myr after the origin of the group. Most of the major lineages originated within a short timeframe corresponding to the collision of the Adria microplate with the Moesia Figure 5 Chronogram based on the maximum likelihood tree and lineage-through-time plot with net speciation rates estimated under the yule3rate model for species of Cyphophthalmus. The grey area represents all the nodes for which dates and confidence values are within the timeframe of the collision between the Adria and the Moesia microplates. Laser identified yule3rate as the best-fitting model. Temporal shifts are represented on the lineage-through-time plot as vertical bars, delimiting three zones. Speciation rates are indicated for each of the zones. As for the chronogram, the grey area represents all the nodes for which dates and confidence values are within the collision timeframe. According to the scenario suggested by the yule3rate model, the genus Cyphophthalmus began diversifying (zone I) with a net diversification rate of 0.005 speciation events per million years (Myr )1 ). A shift in net diversification took place 94 Ma (zone II), with the rate shifting dramatically to 0.030 speciation events Myr )1 . The net diversification rate shifted again around 23 Ma (zone III), decreasing to 0.009 speciation events Myr )1 .
DISCUSSION
Although most of the hypotheses explaining the high biodiversity in the region refer to the Balkans as a glacial refugium (Taberlet et al., 1998; Petit et al., 2003; Hewitt, 2004; Schmitt, 2007) or a zone of exchange (Magyari et al., 2008) , we provide evidence that the Balkan Peninsula is also home to an old endemic biota. This situation is attested by the high rate of specific endemism in several groups, such as spiders with 27% endemism (Deltshev, 2004) , amphibians with 28% endemism, and reptiles with 21% endemism (Džukić & Kalezić, 2004) .
Evidence from phylogenetic studies and the presence of deep genetic divergence in populations (Oosterbroek & Arntzen, 1992; Cooper et al., 1995; Oliverio et al., 2000; Seddon et al., 2001; Ursenbacher et al., 2008 ) also suggest long biogeographical isolation. In this context, the long and complex palaeogeographic history of the region (Rage & Rocek, 2003; Rokas et al., 2003; Parmakelis et al., 2006; Kuhlemann, 2007) , as well as its high habitat heterogeneity, topographic diversity and great climatic variation are of fundamental importance in explaining the Balkan biodiversity. The genus Cyphophthalmus is sister to the genus Paramiopsalis of the Iberian Peninsula. The inferred early diversification of the genus Cyphophthalmus (94 Ma) is also consistent with the rifting of the Adria microplate and the presence of a dynamic archipelago on the carbonate platforms (Fig. 2) (Karaman, 2005b ). It appears that at least three distinct groups have diversified with overlapping ranges (Fig. 6) . Furthermore, these groups appear to have diversified within the same timeframe (Fig. 5) and with high speciation rates compared to the rates in zones I and III. Those nodes are also the ones showing the lowest support in our phylogenies (Figs 3 & 4) , once again suggesting a rapid diversification. This provides evidence that, as for the Cyphophthalmi of New Zealand and Southeast Asia, the genus Cyphophthalmus underwent explosive evolution (sensu Romer, 1960; Hennig, 1966) in the Balkans. This term, as opposed to explosive radiation, refers to an explosive diversification without change in morphology. In the case of Cyphophthalmus, we can correlate the explosive evolution of the group with the collision of the Adria microplate and Eurasia to form the present-day Balkan Peninsula (Fig. 1) . This situation echoes the evolution of the crested newts (Triturus cristatus superspecies), for which the four European species originated near-simultaneously in the Balkan region (Arntzen et al., 2007) , although the origin of that group is much more recent, in the Miocene.
The Southern Dinaric Alps is the region with the highest number of species of Cyphophthalmus. However, the Cyphophthalmus species of the Dinaric Alps have an apical position in the phylogeny of the group and belong to several distinct lineages. It is thus clear that the Dinaric Alps is not the centre of origin of the group. Boyer et al. (2005) proposed a southeastern origin for the group. Our results show that some of the most eastern species (Cyphophthalmus sp. 1 and Cyphophthalmus sp. 2 from Bulgaria, and the members of the gjorgjevici lineage) indeed represent some early offshoots in the phylogeny. However, Cyphophthalmus sp. 13 from Dalmatia groups with these species. In addition, a number of species belonging to the Aegean lineage are also present in the east. Even if we expect a centre of origin in the west in the case of an Adria microplate origin, the observed explosive evolution coupled with some potential extinction could blur the biogeographical pattern within the Balkan Peninsula. Specimens of Cyphophthalmus from Turkey were not available for this study, and their future inclusion may help us to understand the centre of origin of the group. Whether the specimens known from Turkey are derived or basal remains a mystery. They were both assigned to the species C. duricorius by Gruber (1969) and more recently elevated to species rank and assigned to the Aegean phyletic lineage by Karaman Figure 6 Distribution map indicating the localities of the samples of Cyphophthalmus species used in this study. The Aegean line is represented with triangles, the minutus group is represented with squares and the gjorgjevici lineage is represented with diamonds.
(2009), although their exact position is still to be tested phylogenetically.
The situation for the Balkan Peninsula, with an explosive evolution of only one genus of Cyphophthalmi, is very different from the one for the Iberian Peninsula. This territory contains four of the eight genera currently recognized in the family Sironidae, a generic diversity and morphological disparity of Cyphophthalmi not found in any other region of the world so far (Murienne & Giribet, 2009) . Although these two European peninsulas have usually been depicted as glacial refugia, we provide evidence that old endemic lineages in these two territories have undergone very different diversifications: one -the Balkan Peninsula -by hosting an old genus with subsequent explosive evolution; and the other -the Iberian Peninsula -by hosting many ancient genera, each with few species. These differences could be related to the very different palaeogeographic histories of the two peninsulas.
